Asymptotic atomic-state branching ratios for the dissociative recombination of both 3 HeD ϩ and 4 HeH ϩ have been studied using the CRYRING and TSR heavy-ion storage rings. The kinetic-energy release in the recombination process was measured for incident electron energies between 0 and 15 eV. It was found that the He(1s 2 )ϩD,H(nϭ2) channel completely dominates at zero electron energy. The branching ratios observed slightly above the threshold for the nϭ3 state of the H ͑D͒ atom indicate a rapid switchover of the final-state population to this level. At collision energies above 10 eV many channels leading to excited He atoms are found to contribute, and also a strong angular anisotropy of the dissociation products is observed.
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PACS number͑s͒: 34.80. Gs, 34.80.Ht Dissociative recombination ͑DR͒ has been known for many years to be a very fast process if the ground electronic state of the molecular ion is crossed by a neutral, doubly excited state close to the equilibrium geometry. In recent years it has become apparent that the occurrence of this crossing is in fact a sufficient but not necessary criterion for efficient recombination ͓1͔. In the noncrossing mode of dissociation ͑''tunneling mode''͒, a single-electron radiationless transition replaces the two-electron radiationless transition that controls the crossing mode, and the DR is driven by the kinetic-energy-derivative operator. Being the simplest case of tunneling-mode recombination, HeH ϩ has recently been the subject of theoretical calculations by Sarpal et al. ͓2͔ using the R-matrix method for 4 HeH ϩ , and by Guberman ͓3͔ using multichannel quantum-defect theory ͑MQDT͒ for 3 HeH ϩ . Although a qualitative agreement exists between both theories with regard to the mechanism driving the DR and to the overall size of the DR cross section, they predict different dissociation limits at near-zero electron energy. Whereas, according to the R-matrix calculation ͓2͔, recombination to the ground state of HeH ͑X 2 ⌺ ϩ ; see Fig. 1͒ , yielding hydrogen in the ground electronic state at large internuclear distance, has the dominant cross section, the MQDT calculation ͓3͔ predicts that the C 2 ⌺ ϩ state, leading to the asymptotic state H(nϭ2), totally dominates the recombination route. However, since the DR is driven by the nuclear kinetic-energy operator, strong influences of isotopic effects on the final-state population cannot be excluded. The present experiments try to resolve the above theoretical discrepancy by measuring the final quantum state of the fragments released in the DR of 4 HeH ϩ at the TSR storage ring located at the Max-Planck-Institut für Kernphysik, Heidelberg. The experimental methods were similar: A molecular ion beam is stored for a period which is longer than the lifetime of the vibrational states ͓17͔. The ion beam is then merged with a monoenergetic electron beam, which is used both for phase-space cooling of the ion beam and as an electron target. The center-of-mass energy E c.m. for electron-molecule collisions can be set by varying the electron-beam velocity while keeping the ion velocity fixed. The neutral fragments created in the electron cooler exit the ring after the next dipole magnet, and impinge on a detector, where they are analyzed employing an imaging technique introduced at the TSR ͓16͔.
At CRYRING, the 3 HeD ϩ molecules were created in an electron-impact ion source MINIS, injected into the ring at 30 keV, and further accelerated to an energy of 19.2 MeV. The collinear electron beam had a transverse electron temperature of 10 meV and an overlap region with the ion beam of 0.9 m. The beam was stored for Ϸ10 s prior to starting the measurement, which lasted for 3.5 s; the mean storage lifetime of the ions was 15 s. Dissociation products hit a twodimensional imaging detector, located at a distance of 6.3 m from the midpoint of the electron cooler. The detector consists of three microchannel plates ͑MCP͒ with a diameter of 18 mm, and a phosphor screen. The light from the phosphor was imaged onto a free-running charge-coupled-device camera controlled by a personal computer via a fast frame grabber interface card (Ϸ1400 frames per second͒. The frame grabber was initialized by a pulse generated at the beginning of each measurement gate. The detector was operated in a trigger mode ͓16͔ in order to suppress random coincidences between two unrelated single fragments produced by collisions with the residual gases. In this mode, the acceleration voltage between MCP and phosphor screen is switched off in Ϸ40 s whenever an impact on the MCP is detected by a fast photomultiplier. Only frames containing hits from two fragments were analyzed, and the relative distances between these fragments were extracted. The resolution of the system is 260 m.
At the TSR, the 4 HeH ϩ beam was produced by a Van de Graaff accelerator with a standard Penning ion source and circulated in the TSR at a fixed energy of 1.99 MeV. The beam was merged with the electron beam of the electron cooler over a length of 1.5 m, the transverse electron temperature here being near 15 meV. The beam was electron cooled for Ϸ5 s before starting the measurement, and data were recorded for Ϸ26 s. The imaging detector used for measuring the distance between the fragments was located 6.46 m away from the center of the electron cooler and consisted of a 80-mm-diam Chevron MCP and a phosphor screen. The imaging system at the TSR worked at a rate of 25 frames per second and with a 1-s switching time for the phosphor screen. The position resolution is Ϸ100 m. More details can be found elsewhere ͓16,18͔.
The transverse separation D ͑i.e., the projected distance on the surface of the detector͒ between two dissociation products with masses m H and m He at a distance L from the electron cooler depends on the kinetic-energy release ͑KER͒ E k,n in the center-of-mass ͑c.m.͒ frame, the initial energy of ions (E b ), and the angle of the molecular axis during dissociation with respect to the electron beam, and can be expressed as DϭL␦ n sin with ␦ n ϭͱE k,n /E b (m He ϩm H )/ ͱm He m H ͓16,18,19͔. The excitation energy E n of the fragments relative to the initial rovibrational state of the molecular ion is then given by energy conservation as E n ϭE c.m. ϪE k,n . The spectrum of transverse distances, P(D), is broadened by the finite ion-electron interaction length and by the angular distribution of dissociation products. Analytical expressions can be derived for various initial angular distribution and are given in Ref. ͓18͔ . The final projected distance spectrum P(D) is a sum of distributions P n (D) for the energetically allowed final states with weights b n representing the branching ratios.
By controlling the electron-ion relative velocity, transverse distance spectra were measured at various collision energies E c.m. with a c.m. energy spread full width at half maximum ͓20͔ ranging from the transverse electron temperature at near-zero energies up to Ϸ150 meV for E c.m. ϭ15 eV. The electron and the ion beam could be aligned to each other within Շ1 mrad by optimizing the electron cooling process in the storage ring, so that the c.m. energies arising from beam misalignments could be kept below 1 meV. Analytical expressions of the projected distance spectrum, taking into account the finite electron-ion interaction length and angular distributions specified below, were fitted to the data. Contributions to the transverse distance spectra from different channels overlapped and could be resolved if their KER differed by տ10%.
In Fig. 2 we show the transverse distance spectra measured at low c.m. energy for 3 HeD ϩ ͑CRYRING͒ and for 4 HeH ϩ ͑TSR͒. Different projected-distance scales apply to the two setups since the beam energies and the flight paths of DR products are different. At zero c.m. energy the only two dissociation limits energetically allowed for molecular ions in the ground vibrational level are He(1s 2 )ϩH͑D͒(nϭ1,2), the corresponding KER for 4 HeH ϩ ( 3 HeD ϩ ) being 11.75 ͑11.74͒ eV and 1.55 ͑1.54͒ eV for nϭ1 and 2, respectively ͓21-24͔. Both spectra shown in Fig. 2 were fitted assuming isotropic angular distributions of the dissociation products with the KER as a free parameter. The fits yield 1.55 eV for 4 HeH ϩ and 1.52 eV for 3 HeD ϩ , indicating a final state nϭ2 for the H ͑D͒ fragments. No events corresponding to the production of ground-state H ͑D͒ atoms were found above the background level. Also, the distributions do not indicate the presence of any vibrationally or electronically excited components in the ion beam. This last point contradicts the suggestion ͓13͔ that the relatively high DR rate observed for 4 HeH ϩ could be due to ions in the metastable a 3 ⌺ ϩ state, for which curve crossings with doubly excited neutral states exist. In such a case, the KER would have been Ϸ0.2 eV. The present results are clearly in agreement with the theoretical calculations performed for 3 HeH ϩ ͓3͔ using the MQDT approach, which predict the dominant dissociative route to be the C 2 ⌺ ϩ state yielding excited H͑D͒(nϭ2) atoms. They are in disagreement with the R-matrix theory ͓2͔ for the DR of 4 HeH ϩ , which predicts that the main channel near-zero electron energy should yield ground-state hydrogen atoms. Figure 2͑c͒ shows the projected distance distribution resulting from the DR of 4 HeH ϩ obtained for an electron energy E c.m. ϭ0.577 eV, lying 0.244 eV above the threshold for He(1s 2 )ϩH(nϭ3). Using the fitting procedure described above, a KER of 0.243 eV was found. No trace of the H(nϭ2) state was seen above the background, which suggests that a rapid switchover in the branching ratios occurs as soon as the H(nϭ3) state becomes energetically allowed. The exact reason for this drastic change is not clear, as no theoretical calculations have been performed yet for these electron energies.
Transverse distance distributions were also measured ͑Fig. 3͒ at various electron energies around the high-energy resonance of the DR cross section ͓7,9,10͔. The spectra measured for 3 HeD ϩ at E c.m. ϭ10 and 11 eV show very similar features; the projected distance distribution at E c.m. ϭ11 eV is shown in Fig. 3͑a͒ . There appear two prominent peaks with very different shapes, the one at higher KER ͑larger distance͒ having a form characteristic of isotropic fragmentation, whereas the other one suggests that the molecular ions dissociate mainly parallel to the electron-beam direction ͓16,18,19͔. At these energies, the recombination can yield several asymptotic states which ͑for E c.m. ϭ10 eV͒ combine a ground-state D atom with an excited 3 He atom in the configurations 1s2s or 1s2 p; at E c.m. ϭ11 eV, the 3 S(1s3s) state is also open. To fit the spectrum shown in Fig. 3͑a͒ , an anisotropy ϰcos 2 in the angular distribution was used for the low-KER peak, whereas the high-KER peak was fitted with an isotropic angular distribution ͓16,18͔. At E c.m. ϭ10 eV, a fraction 0.52Ϯ0.08 of the molecules dissociates to He͓ 3 S(1s2s)͔ and 0.48Ϯ0.1 to He(1s2 p). At an electron energy of 11 eV, the values are left basically unchanged ͑0.49Ϯ0.08 and 0.51Ϯ0.06, respectively͒. Because of the very small KER leading to the 3 S(1s3s) state ͑40 meV at E c.m. ϭ11 eV͒, the projected distance between the two fragments was too small to be measured with the present system. No contribution from the 1 S(1s2s) limit was found at these energies.
At higher collision energies, more excited final states become energetically allowed. The branching ratios at E c.m. ϭ12 eV were found to be 0.32Ϯ0.05 for 3 S(1s2s), 0.40Ϯ0.09 for 1s2 p, 0.10Ϯ0.04 for 1s3s, and 0.18Ϯ0.04 for other He(nϭ3) levels. Figure 3͑b͒ shows the spectrum measured at a collision energy of 13 eV. The fit resulted in branching ratios of 0.33Ϯ0.05 for 3 S(1s2s), 0.31Ϯ0.05 for 1s2 p, 0.08Ϯ0.03 for He(nϭ3), 0.18Ϯ 0.08 for He(nϭ4), and 0.10Ϯ0.05 for higher limits. Since the number of free parameters makes it difficult to obtain a reliable fit, a cos 2 -like distribution, as found for E c.m. ϭ10 and 11 eV, was used for dissociation into 1s2p also at higher E c.m. , whereas the remaining channels were fitted assuming an isotropic fragmentation.
A strong tendency to produce highly excited 3 He atoms (nу4) in a direction parallel to the electron beam was found at an electron energy of տ15 eV ͓see Fig. 3͑c͔͒ . The branching ratio for these dissociation limits is 0.25Ϯ0.08. The dissociation decreases for the 3 S(1s2s) limit (b n ϭ0.19Ϯ0.03) but remains still significant for the 1s2p limit (b n ϭ0.28Ϯ0.08). The formation of 1s3s states occurs with a branching ratio of 0.11Ϯ0.03, and that of other He(nϭ3) states with b n ϭ0.17Ϯ0.03. It is important to point out that the exact functional dependence of the angular anisotropy is difficult to extract from the two-dimensional data, so that a cos 2 distribution should be considered as representative of an orientation effect in which the molecule dissociates preferentially along the electron-beam direction.
As discussed by Orel et al. ͓25͔, there Fig. 1͒ that contribute to the DR cross section in this energy range. Our results are in partial agreement with the calculation of Orel et al.: The branching ratios measured at E c.m. у10 eV show that indeed these are the important states for the DR. However, the population distribution among these states is found to be different: Whereas the theory indicates that 100% of the recombination would lead to the He͓ 3 S(1s2s)͔ limit through the lowest 2 ⌺͑12 2 ) molecular state for E c.m. up to 12 eV, it is found that more states are populated, and the lowest 2 ⌺ level does not carry more than 50% of the population. Also, at 15 eV, the He ͓ 3 S(1s2s)͔ fraction is measured to be less than 20%, while the theoretical prediction puts this branching ratio to 50%. Although the calculations were done for 4 HeH ϩ , the electronic matrix elements for the direct DR should be the same, and only a small shift in the resonance shape is expected due to the difference in the vibrational wave function for the different isotopes.
Another important aspect of these measurements is the anisotropy which is observed for the angular distribution of the fragments at high electron energies. Zajfman et al. ͓16͔ and Amitay et al. ͓18͔ have observed angular anisotropies also in the DR of HD ϩ and CH ϩ . The exact physical reason for these effects is not clear. Although a propensity rule, given by Dunn ͓26͔ based on symmetry arguments, offers a theoretical basis for predicting angular anisotropies in electron-molecule interaction, the present results cannot be reconciled with these rules. Dunn's rules predict either isotropic or transversally peaked distributions for our case, whereas the experimental distributions are either isotropic or cos 2 -like ͑i.e., longitudinally peaked͒. However, subsequent theoretical developments by O'Malley and Taylor ͓27͔ have demonstrated that Dunn's rules are valid only when the lowest partial wave of the incident-electron wave function is absorbed in forming the resonant state. This assumption might be in default for HeH ϩ , and detailed theoretical calculations of general angular distributions for DR fragments are thus needed.
To conclude, the branching-ratio measurement for the DR of HeH ϩ with low-energy electrons is in excellent agreement with the MQDT theory ͓3͔ but in contradiction with the R-matrix theory ͓2͔. The reason for the difference between the two theories is not clear, especially as both of them seem to be in qualitative agreement with the shape of the measured cross section and in quantitative agreement with its absolute value. The disagreement might be due to an avoided crossing between two of the dissociative curves at very short internuclear distances. Indeed, one of the ingredients of the R-matrix type of calculation is that it requires the orbitals' character to remain fixed for all internuclear distances ͓2͔. However, detailed calculations are required in order to shed more light on this interesting discrepancy.
